The in vivo tracer kinetics of 3-(2' -esF]fluoro ethyl)spiperone (FESP) in the caudate/striatum and cer ebellar regions of the human and monkey brain were stud ied with positron emission tomography (PET). The min imal model configuration that can describe the kinetics was determined statistically. Three two-compartment model configurations were found to be suitable for de scribing the kinetics in caudate/striatum and cerebellum:
Summary:
The in vivo tracer kinetics of 3-(2' -esF]fluoro ethyl)spiperone (FESP) in the caudate/striatum and cer ebellar regions of the human and monkey brain were stud ied with positron emission tomography (PET) . The min imal model configuration that can describe the kinetics was determined statistically. Three two-compartment model configurations were found to be suitable for de scribing the kinetics in caudate/striatum and cerebellum:
(1) a nonlinear model (five parameters) applicable to stud ies using nontracer (partially saturating) quantities of FESP in monkey striatum, (2) a linear four-parameter model applicable to the caudate/striatal and cerebellar ki netics in human and monkey studies with tracer quanti ties of FESP, and (3) a linear three-parameter model de rived from the four-parameter model by assuming irre versible binding applicable to tracer studies of the human caudate. In the human studies, when the caudate kinetics (n = 4) were fit by model 2 (with four parameters), the Recently, many radiolabeled ligands for neuro transmitter systems have been sy nthesized that al low in vivo studies of neurotransmitter systems us ing positron emission tomography (PET) (Garnett et value of the in vivo ligand dissociation constant kd was found to be 0.0015 ± 0. 0032/min. The three-parameter model (model 3) was found to fit the data equally well; this model is equivalent to model 2 with kd set to zero. In the monkey studies, it was found that for short (90 min) studies using tracer quantities of FESP, model 2 fit the striatal kinetics better than model 3. The parameters es timated using model 2 (four parameters) were in better agreement with those estimated by the nonlinear model (model 1) than those estimated using model 3 (three pa rameters). The use of a graphical approach gives esti mates of the plasma-tissue fractional transport rate con stant K, and the net uptake constant K3 comparable to estimates using model 3 for both human and monkey studies. Key Words: Positron emission tomography-3-(2' -[ '8F]Fluoroethyl)spiperone-Dopamine receptors Pharmacokinetics-Quantitative neuroreceptor imag ing-Caudate-Cerebellum. aI., 1983; Wagner et aI., 1983; Mintun et aI., 1984; Wong et aI., 1984; Arnett et aI., 1985; Frost et aI., 1985 Frost et aI., , 1986 Samson et aI., 1985; Barrio et aI., 1986; Farde et aI., 1986; Fowler and Wolf, 1986; Mazzi otta and Phelps, 1986) . In particular, 3-(2'-e s Flfluo roethyl) spiperone (FESP) allows imaging of the dopamine D2-neuroreceptor system (Barrio et aI., 1987) . The use of an appropriate mathematical model is necessary for quantitative interpretation of PET images obtained with these tracers. In this study, we examined the model configurations that are appropriate for describing the kinetics of FESP within the brain.
A basic comprehensive model configuration has been proposed for the analysis of kinetic data from the receptor-ligand binding data derived from PET studies (Huang et aI., 1986a; Wong et aI., 1986; Mintun et aI., 1984) . This model includes (1) deliv ery of the ligand by the plasma to the brain, (2) the presence of free and nonspecifically bound ligand in the plasma, (3) free ligand crossing the blood-brain barrier by passive diffusion, (4) free ligand in an extravascular compartment, (5) nonspecifically bound ligand in an extravascular compartment, (6) a compartment for ligand specifically bound to the receptor, (7) interactions between the ligand and the receptor following bimolecular association kinetics, and (8) unimolecular dissociation kinetics.
A model that takes all of the above factors into account, and possibly more, would probably not be structurally identifiable and certainly not numeri cally identifiable with PET data. Simplifying ap proximations must be made to arrive at a workable model, based on which useful physiological infor mation can be extracted.
A variety of models of differing complexity have been proposed for neuroreceptor binding ligands. Mintun et al. (1984) developed a model for the quan titative characterization of neuroleptic binding sites using eSF]spiperone. The model was based on three compartments for spiperone; intravascular, extra vascular, and specifically bound. The model in cluded nine parameters, which could be reduced to eight by assuming tracer conditions. Wong et al. (1986) developed a model for dy namic studies using [IIC]-labeled N-methylspiper one ( N MSP). The model was based on four com partments for NMSP: arterial plasma, extravascular exchangeable compartment, specific binding com partment, and other secondary or non-D2 reversible binding compartment. A system of coupled nonlin ear differential equations describing binding to the receptor was presented. This system was simplified by assuming that (1) the secondary binding equili brated rapidly compared to the rates of other pro cesses in the model, (2) the unimolecular dissocia tion rate was negligibly small, and (3) the product of the bimolecular association rate and the free con centration ofNMSP was negligibly small at all times during the experimental procedure. Logan et al. (1987) studied the kinetics of dopam ine-receptor binding using three different [ ls F] _ labeled ligands: spiperone, haloperidol, and ben peridol. Three different models were examined. They found that (1) the sum of two exponential functions was required to fit the time activity curve of the fraction of labeled ligand in the plasma used for the metabolite correction of the plasma curve, (2) a simple one-compartment model did not fit the cerebellum data as well as a two-compartment model, and (3) a uniquely determined ligand receptor dissociation rate constant value requires an experiment sufficiently long that some signifi cant decline in the receptor bound activity is ob served. Zeeberg and Wagner (1987) proposed a three compartment model applicable to studies using tracer amounts of ligand. The model has separate compartments for free, nonspecifically bound, and specifically bound ligand. Based on simulations, they concluded that the parameters estimated for a two-compartment model are only accurate when nonspecific binding is very rapid. Otherwise, an ad ditional kinetically distinct nonspecifically bound compartment must be included in the model.
In the present investigation, dynamic eSF] labeled FESP-dopamine D2-neuroreceptor interac tions in vivo in the caudate/striatum and cerebellar regions of the human and monkey brain were stud ied using positron emission tomography. The objec tives of the study were (1) to determine model con figurations that are identifiable with PET, and (2) to study the variability of the estimated parameters of the models obtained with different methods. The results of this study have led to a successful in vivo assay for neuroreceptor densities (Huang et aI., 1989) .
MATERIALS AND METHODS

PET experiments
Experimental protocol-humans
Four PET studies were performed on normal right handed male human subjects aged 19-31 years in accor dance with the policies of the UCLA Human Subjects Protection Committee. The subjects had no personal or family histories of psychiatric or neurologic disease. All had normal neurological examinations prior to the PET study. All of the subjects were medication-free at the time of the study and were fasted for 12 h prior to the proce dure. The PET study was performed without anesthesia or medication in a darkened, quiet room. The subjects' heads were held stationary throughout the procedure with a head holder (Mazziotta et aI. , 1982) , their eyes and ears were not covered, and they were allowed to open their eyes and talk during the study.
A single intravenous bolus injection (5-10 mCi) of high specific activity (1-10 CiJlLmol) [ l sFJ-Iabeled FESP was administered through an indwelling 20 gauge plastic ve nous catheter in an arm vein. PET scanning was started coincident with the injection and was continued for a total of 140 to 420 min. The scanning protocol consisted of ten 1.5 min scans, nine 5 min scans, followed by a variable number of 10 min scans.
All of the PET studies were performed with a Neuro ECAT scanner in the high-resolution mode with "septa in" and "shields in" (Hoffman et aI. , 1983) . Data were recorded simultaneously for three planes with a center to-center separation of 32 mm. The position of the planes of study was determined beforehand with a H2150 recti linear scan. The spatial resolution of the reconstructed images was 9. 5 mm full width at half-maximum (FWHM) in plane and 12. 0 mm FWHM axially. The planes were positioned so as to center the head of the caudate nucleus in one plane and the cerebellum in another. The attentu ation within the head was measured prior to each study by obtaining a transmission scan using a ring source of fluorine-18 or gallium-68.
During the study, blood samples (2 ml each) were col lected from an indwelling 20 gauge Teflon radial artery catheter (one sample every 12 s from 0--2 min, and at 3, 4, 5,7, 10,30,60,90, 120, 180,240, and 420 min) . The blood was centrifuged and the radioactivity in the plasma was measured with a sodium iodide well counter. At 5, 10,30, 60, 120, and 240 min after the injection arterial blood samples (4 ml each) were chemically analyzed for metab olites (Barrio et aI., 1989) . A double-exponential function was used to fit the percent metabolite as a function of time. The fractions of the radioactivity in all of the other samples that were from [ 18 FJ-Iabeled FESP and its me tabolites were determined based on the fitted curve. Ar terial blood gases, glucose, and hematocrit were mea sured before and 1 h after the FESP injection and re mained constant. For all studies, Paco2 and Pao2 were within normal ranges.
Experimental protocol-monkeys
Seven PET studies were performed on monkeys (Macaca nemestrina) in accordance with the policies of the UCLA Animal Research Committee. The study pro tocol was similar to that described above for humans, except that two boluses of FESP were injected 90 min apart. The first injection was of high specific activity (0.6-12.0 CiJf.lmol); the second one was of lower specific ac tivity (0.02-0.04 CiJf.lmol). The detailed experimental pro cedure is described in the accompanying paper (Huang et aI., 1989) .
Regions of interest
In both human and monkey studies, regions of interest (ROIs) were drawn for the cerebellar hemispheres (de void of dopamine D2-receptors) and the striatum (mon keys) or the head of the caudate (humans) (areas rich in dopamine D2-receptors) of the reconstructed images. The regions were drawn as previously described (Mazziotta et aI., 1983) . The areas of the monkey striatal and cerebellar regions of interest averaged 2.8 and 1.6 cm2, respectively. The areas of the human caudate and cerebellar regions of interest averaged 0.9 and 7.0 cm 2 , respectively. Data from both blood and brain regions of interest were cor rected for radioactive decay of [ 18 FJ.
Model configurations
The nonlinear model
The nonlinear model is composed of two kinetic com partments of five parameters ( Fig. 1 and Eq (1». The first compartment represents the combination of the free FESP and the nonspecifically bound FESP (nonsatura ble); the second compartment represents FESP specifi cally bound to the saturable dopamine D2-receptors. The following model assumptions are made: (1) FESP binds with 1: 1 stoichiometry to the receptor, binding follows bimolecular kinetics, and dissociation follows unimolec ular kinetics; (2) FESP is carried to the brain from the plasma; (3) uptake is not limited by blood flow (i.e., the unidirectional extraction fraction is low); (4) FESP crosses the blood-brain barrier by a non saturable passive diffusion mechanism into the first compartment; (5) blood volume in tissue within the ROI is approximated by 0.05 mIJg of tissue (Hawkins et aI., 1986 ); (6) FESP is not metabolized in brain tissue and peripheral metabolites do not significantly contribute to striatal activity at all times during the experimental period (Barrio et aI., 1987) ; (7) the rate of binding and release from the various nonspe cific binding sites (in the blood and in the first compart ment) is fast compared to the rate of transport between the compartments; and (8) only free FESP is available for neuroreceptor binding and transport.
As FESP binds to the receptors, the number of unoc cupied receptors decreases. This leads to a decrease in the rate of FESP binding. The equations resulting from the conservation of tracers in the two compartments in the model are (1) where CIt) and Cb(f) are, respectively, the radioactivity concentrations in the free (and nonspecifically bound) compartment and the specifically bound compartment, Cp(t) is the radioactivity concentration in the form of FESP in the arterial plasma,f2 is the fraction of the ligand in the free and nonspecifically bound compartment that is free to bind to the receptor, Bmax is the total concentra tion of receptors, SA is the specific activity of the ligand bound to the receptors, ka is the in vivo bimolecular as sociation rate constant between FESP and the receptor, kd is the in vivo unimolecular dissociation rate constant between FESP and the receptor, and K I and k2 are the rate constants for the transport steps across the blood brain barrier as shown in Fig. 1 . The system of equations is nonlinear because it contains the product term Cb(t) times Cit).
For a high specific activity injection, the nonlinear term is small compared to the other terms of Eq. (1). This is more easily seen by grouping the nonlinear term with k J2Bmax CIt) as (2) The term Bmax -[Cb(t)/SAJ represents the concentration of specific receptors not yet occupied by the injected ligand. With a sufficiently high specific activity injection (i.e., a sufficiently low mass of FESP in the injection), the frac-tion Cb(t)/SA is negligible compared with Bmax and the nonlinear term can be ignored. Similarly, if the nonlinear term is grouped with the term kdCb(t) as (3) then, for injections of sufficiently high specific activity (i.e., low mass), the nonlinear term can be ignored if [kaf2 Crl-t)]/SA is negligibly small compared to kd.
Of course, it is not simply algebraic manipulation and regrouping of terms that allows the use of the linear model instead of the nonlinear model. It is only when appropri ate tracer quantities of ligand are used such that the non linear term is negligible compared to the linear terms in the equation that the linear model can be used.
Although the nonlinear equation cannot be used to es timate all the parameters for studies using high specific activity injections of FESP (it is not numerically identifi able for high specific activity studies), the model still ap plies to this situation. The values of k3(t) estimated from studies using low or moderate specific activity FESP can be extrapolated using the model to predict the value of k3 that would be seen in a study using high specific activity FESP. The limit of k3(t) as the specific activity increases is k3 = f2kaBmax. This extrapolated k3 value was used when comparing k3 between the nonlinear and linear stud ies. The extrapolated value of k3 was also used to calcu late K3 [= Klk3/(k2 + k3)] using the parameter estimates from studies fitted with the nonlinear equation.
The linear models
The equations associated with the four-parameter lin ear model for high specific activity are reduced from the nonlinear model:
(4) Whenever dissociation of the ligand is negligible during the study, k4 can be approximated by zero. This leads to the three-parameter linear model. The equations describ ing this model are obtained by setting k4 = 0 in Eq. (4). Also, the effect of nonnegligible k4 was examined.
Model order estimation
The adequacy of different compartmental models for describing FESP kinetics in brain tissues was examined statistically. The general solution of linear compartmental models with zero initial conditions is the convolution of an input function with a sum of exponential functions, with the number of exponentials equal to the number of compartments (Jacquez, 1985) . The kinetic data were fit ted by the convolution of the metabolite corrected plasma input curve with the sum of one-, two-, or three exponential functions. The appropriate number of expo nentials was then determined using the F test. The form of the F statistic is
where the SUbscripts 1 and 2 denote, respectively, the smaller and larger model. Pj is the number of freely ad justable parameters in model j, and N is the number of measured data points in the data set. Large values of F are evidence to reject the lower-order model (Landaw and DiStefano, 1984) . A significance level of p < 0.05 was used. Data from both the caudate and the cerebellum re gions were examined.
Curve-fitting procedures
The least-squares criterion was used in fitting the model equations to the data. The PET measured data Q are assumed to be the sum of Qb and Qf and the activity in the vascular space, i.e., Q(t) = Qrl-t) + Qb(t) + 0.05 Cblood(t), where Cblood(t) is the total [1 8 F] activity in blood. The blood volume in the tissue of interest was approximated as 0.05 mllg of tissue (Hawkins et aI., 1986) . The differential equations [Eq.
(1)] for the nonlin ear model were solved numerically by the Runge-Kutta method. The method employed to fit the double-injection kinetics is described in the accompanying paper (Huang et aI., 1989) . The fitting with either the linear or the non linear model took into account that the ROI values rep resent the average activity over the scan time (Huang et aI., 1986a,b) . In fitting both the linear and the nonlinear models, the data points were weighted proportionally to the reciprocal of an estimate of the variance of the counts that originated in the tissues of the ROI in each scan. This tissue count data variance is primarily derived from two factors: (1) the variance due to the total counts in the region, and (2) the variance due to the errors in correcting for the radioactivity in the blood volume. Weighting ac cording to the variance of the data is the theoretically optimal weighting assuming Poisson counting statistics, and uncorrelated errors (Landaw and DiStefano, 1984) . The parameter estimates were found to be relatively in sensitive to changes in the weighting used. Metabolite corrected plasma input curves were used for Cp(t). A variant of the Marquardt algorithm was used for least squares regression for both the linear and nonlinear mod els (Carson et aI., 1981) . When estimating parameters from the monkey data us ing the linear models, only the portion of the curve from the high specific activity first injection was used (the first 90 min). The assumptions, on which the linearization is based, only apply when high specific activity injections are used. When estimating the parameters with the non linear model, the entire kinetics were used (both injec tions). This was necessary because the model cannot be linearized for medium or low specific activity data.
To study the consistency of the three-and the four parameter models for long studies (140-420 min) of the human caudate region using high specific activity FESP, we fitted the models to the first 90 min of data, and then we fitted the entire data set. The parameters estimated from the data over these two time periods were com pared.
Graphical analysis
The graphical method of Patlak and Blasberg (1985) was also used to estimate some parameters of the linear models. For ligands that bind irreversibly to the recep tors, a linear relationship is seen when one plots l( )
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The quantity ninput (T) d-rlinput(t) plotted on the abscissa has the units of time and is often referred to as "normal ized time." The slope of the line is the fractional transport constant between the input and the bound compartment. By using different kinetic data as the input function, one can estimate different kinetic parameters of the model. The metabolite-corrected plasma curve can be used as the input function and the caudate nucleus data can be used as an estimate of total(t) in Eq. (6). The slope of the linear fit to the plot (after 10 min) is an estimate of K3 = K l k3/(k2 + k3), the net uptake rate constant for transport between the plasma and the bound compartment. Imme diately after injection, the ligand is present only in the blood and in the free/nonspecifically bound compartment. It has not had time to bind to the receptors or to be cleared by perfusion. During this time, the caudate nu cleus data are an estimate of the free FESP in the cau date. This is demonstrated on the Patlak plot as a few points (0-2 min) during the early normalized time that form a linear relationship with a slope different than the latter data points. The slope of these few early points is a good estimate of the fractional transport rate constant K I between the plasma and the free/nonspecifically bound compartment.
Under certain conditions, the cerebellum activity curve can also be used as an approximation of the amount of free and nonspecifically bound FESP in the caudate (Wong et aI., 1984) and can be considered as an input to the bound compartment. The slope of the linear Patlak plot in such cases is k2k3/(k2 + k3), which for k3 � kz is reduced to the fractional transport constant k3 between the free/nonspecifically bound compartment and the spe cifically bound compartment. injection study are shown in the accompanying pa per (Huang et aI., 1989) . The time-activity kinetic data (0-90 min) from the monkey striatum and cerebellar regions were fitted with the convolution of the plasma FESP curve with one-, two-, and three-exponential components. Fits by three exponentials did not converge, indi cating that the data did not support models of three compartments or more. This is true for data with or without correction for radioactivity in the vascula ture. For both one and two exponentials, the fitting converged in both regions. In the striatal regions of six of the seven monkeys, and in the cerebellar re gions of six of the seven monkeys, the F value ex ceeds the critical F value, which indicates that the two-exponential fit is significantly better than the single-exponential fit. The fit of the four-parameter linear model was significantly better (based on the F test) than that of the three-parameter linear model in six of the seven monkeys. The F test showed that the four-parameter model fit improved on the fits of a four-parameter model with k4 fixed at 0.0026imin (instead of zero as above) in five of the seven mon keys. These results show that a two-compartment (four-parameter) model is necessary and sufficient as a general model describing the kinetics of FESP in the striatum and the cerebellar regions in all mon keys.
RESULTS
Model order estimation
In the human studies, in all of the cerebellar re gions, and in two of the four caudate regions, the F value exceeds the critical F value, which indicates that the two-exponential fit is significantly better than the single-exponential fit. When a three parameter model fit (i.e., when k4 was set to zero in 
25.9 ± 12.7
The three-and four-parameter models and the graphical method used only the first 90 min of data whereas the nonlinear model was fitted to the entire 180 min curve. Mean ± SD. G The nonlinear model value k3 equals the product of/2' ka' and B max; this is the value of k3(t) during the high specific activity injection when the number of receptors occupied is negligible compared to B max. h The nonlinear model included the constraint that kdl12ka = I nM.
the four-parameter model) for the caudate region was compared to the single-exponential model fit, again two of the four F values exceeded the critical F value. In the caudate, the four-parameter model did not produce a significant improvement in the model fit of the data compared to the three parameter model. It is of interest to note that in all cases when fitting to the caudate/striatal or cerebellar region of interest data in the human or monkey without sub tracting the 5% blood volume contribution, the two exponential model fit was significantly better than the single-exponential model fit. Uncertainties in the estimate of the blood volume, the measurement noise in the blood radioactivity concentration, and difficulties in estimating accurately the variance of the data values (leading to suboptimal weighting in the regression) are possible explanations as to why the two-compartment model does not improve sig nificantly the fitting to the kinetics in some of the monkeys and humans after the blood volume con tribution was subtracted.
Parameter estimates
Double injection monkey data
The nonlinear model fits the double-injection monkey data well . There are no significant systemic errors in the residuals of the fit. The four-parameter linear model fit the 90 min high specific activity kinetic data better than the three parameter model. Table I shows the parameter es timates from the monkey studies using the three and four-parameter linear model, the nonlinear model, the graphical approach, and the four parameter model with k4 fixed at 0.0026/min. The coefficients of variation of the estimates of the three-parameter model and the nonlinear model are shown in Table 2 . Figure 3 shows human kinetic data from a 240 min study using high specific activity FESP from the caudate region fitted with the three-and the four-parameter models. Table 3 shows the parame ters estimated from the single-injection human stud ies using the three-and four-parameter linear mod els and the graphical approach.
Human data
Consistency of the parameter estimates as a function of study length
The parameters estimated using both the three and four-parameter linear models for the first 90 min of the human kinetic data were compared to those estimated using these models for the entire data set (140 to 420 min). Many of the parameters estimated in the individual studies changed between fitting the short and long data sets. However, when analyzed as a group, none of the parameters changed in a systematic manner. The mean percent changes of the parameters did not significantly dif fer from zero for either of the models.
Comparison of the parameters estimated using the linear and nonlinear models As shown in Table I , the mean values of the pa rameter estimates from the nonlinear and the linear The three-parameter model was fitted to the first 90 min of data whereas the nonlinear model was fitted to the entire curve. Mean CV (range %), n = 7. models are generally comparable, especially for Kj and K3• The parameters estimated for the monkey studies (Kj, k2' k3' and K3) using the three-and four-parameter linear models were compared to the parameters estimated using the nonlinear model for each individual study. The results of these compar isons are summarized in Table 4 . Estimates of Kj and K3 agree well between both the three-and the four-parameter models and the nonlinear model. Estimates of k2 and k3 do not agree as well, but the agreement is better for the four-parameter model than for the three-parameter model. Table 5 shows the comparison of parameters es timated by the linear model and regression versus those estimated using the Patlak plot for both hu man and monkey studies. The Patlak plot estimate of k3 using the cerebellum as input into the caudate/ striatal region gave poor agreement with the regres sion estimates. Agreement between the methods was much better for Kj and K3 using the metabolite corrected plasma as input to the caudate/striatum. Comparison of the parameter estimates against the Patlak plot estimates using either the human or monkey data gives no evidence to prefer either the three-or the four-parameter linear model over the other.
Regression vs. Patlak plot
DISCUSSION
We focussed our investigation on two basic is sues of FESP kinetics: (1) the model configurations that are identifiable with PET and (2) the variability of the estimated parameters of the models obtained with different methods.
Our results indicate that the kinetic data obtained in PET studies support only two kinetically distin guishable compartments in the model for caudate/ striatum and cerebellum. Blood flow is not explic itly included in the model. It would be more reason able to include a third compartment for the blood flow and the delivery of ligand to the brain if the first-pass extraction fraction of the ligand was high . Our results indicate that first-pass extraction fraction of FESP [which can be approximated by K , /(K 1 + flow)] is low « 15%) . In addition, the study of model order shows that the kinetic data do not support the inclusion of a sepa rate blood flow compartment. For these reasons, the delivery of FESP to the brain and its transport into the substance of the brain can be well described by the single parameter K I' For studies using ligands with higher extraction fractions, a blood flow term may be needed.
The blood volume term (Hawkins et aI., 1986) is not estimated from the regression in the present study. The kinetic data obtained in the present study did not support the estimation of this param eter and thus a fixed value of 5% was used in the analysis. However, in studies performed with a higher temporal resolution, the estimation of the blood volume from the kinetic data directly will need to be re-examined (especially in the cerebellar region because of the possibility of contaminating counts from the occipital sinus) .
The present results do not show any evidence of a kinetically distinguishable secondary binding compartment. Models and data analysis methods have been proposed for estimating the degree of nonspecific binding in the region of interest (Wong et aI., 1986; Mintun et aI., 1984; Perlmutter et aI., 1986) . In studies of dopamine D2-neuroreceptors, the cerebellum is often used as a reference nonspe cific binding region since it is thought to be devoid of dopamine D2-neuroreceptors (Wong et al., 1986) . It is often assumed that the kinetics of the ligand in this region are influenced only by nonspecific bind ing and the passive buildup and loss of free ligand (Wong et aI., 1984) . We have shown that when us ing FESP the kinetics in the cerebellum can not be described with such a simple model; two compart-ments are necessary. This agrees with the findings of Logan et al. (1987) , who found binding sites in the cerebellum were blocked by ( + )butaclamol pre treatment in the baboon for a variety of dopamine receptor binding ligands. This may indicate the presence of saturable weak binding sites in the cer ebellum.
Alternative explanations for the presence of a second compartment are (1) heterogeneous tissue in the cerebellum region of interest possibly due to partial volume effects, and (2) metabolites in the cerebellum. Small amounts of metabolites would be more evident in the cerebellum than in caudate/ striatum because the latter has a much greater den sity of specific binding sites and therefore a greater amount of FESP than the cerebellum-particularly at late scan times when contamination by metabo lite could be potentially more significant. Regard less of the explanation, kinetics of FESP in the cer ebellum are more complicated than a homogeneous single compartment model. The complicated kinetic behavior within the cerebellum raises concerns about using the cerebellum as a reference compart ment on which to base the approximation of the nonspecific binding for use in other regions of the brain.
The results shown in Tables 1,3, and 5 show that the graphical estimation of k3 with the use of cere bellum as a reference region generally gives an un derestimation. This is partly due to the fact that even if the caudate/striatum and cerebellum were identical in all respects except for the presence of specific binding in the caudate, the amount of free and nonspecific ally bound ligand in the caudate/ striatum would still not be the same as the total cerebellar activity. The concentration of free ligand in the caudate/striatum is also influenced by the rate of binding [k3 (t), see Eq. (2)]. If k3(t) were negligibly small compared to k2' the total amount of ligand in the cerebellum would be the same as that free and nonspecifically bound in the caudate/striatum. However, since kit) is comparable to k2' the cere bellum activity is a poor estimate of the free and nonspecifically bound even in the ideal case where these two brain regions are identical except for spe cific binding.
In the present work, we have confirmed from ki netic data in monkeys and humans that the amount of metabolites in caudate/striatum tissue is insignif icantly small compared to the amount of the ligand. This is supported by biochemical evidence in the rat (Barrio et aI., 1987 (Barrio et aI., , 1989 . The results of the present study also support this assumption. Metabolites in blood are at their highest relative concentration at late scan times. If they entered the brain, their in ward flux would be greatest at these late scan times. To compensate for increased activity due to labeled metabolites entering the brain at the late times while the plasma (metabolite-corrected) FESP input curve declined, model fitting would have given a k4 value that decreases as the study time is increased and may even result in a negative k4 for long stud ies. Other parameters besides k4 would probably also be systematically changed by the presence of metabolites in the tissue. However, using either the three-or four-parameter linear model, no significant systematic changes were seen in the estimated pa rameter values between fitting the short and long data sets (i.e., the mean percentage changes in the parameter estimates did not significantly differ from zero) .
The Patlak plot is theoretically based on the three-parameter linear model. One would expect the parameters KJ and K3 estimated by it to agree best with those from the three-parameter model. It was found that use of either the three-or the four parameter model leads to estimates of K) and K3 that are comparable to those from the Patlak plot. In the human studies, the mean estimate of k4 from the four-parameter model does not statistically dif fer from zero. It appears that the assumption of irreversible binding made for the Patlak plot is not strongly contradicted for human studies of up to 420 min.
For short (90 min) monkey studies using high spe cific activity FESP, the model fit to the data using the four-parameter linear model is better than that using the three-parameter model. However, during the short studies, there is not yet much dissociation of the ligand from the receptor. Therefore, k4 may not be estimated accurately from such studies. The use of a fixed but nonzero k4 (0.0026/min, chosen with hindsight as the mean of the k4 values for the four-parameter fit) in the four-parameter model yielded better fits for the short study data (smaller sum of squared deviations) than with the three parameter model in five of the seven monkeys. Also, fits with the four-parameter model with k4 fixed at 0.0026/min were nearly as good as those with the four-parameter model. Therefore, if an ap propriate value of k4 can be specified, a four parameter model with fixed k4 may yield reliable parameter estimates. More investigation is required to determine the propagation of error of k4.
In this investigation, the nonlinear model was fit ted only to the striatal tissue data obtained by the double-injection procedure. The model should also be applicable to data from studies using a single J Cereb Blood Flow Metab, Vol. 9, No. 6, 1989 injection of moderate or low specific activity. The results of this and a comparison of the single-and double-injection methods will be reported sepa rately.
CONCLUSIONS
A two-compartment model is found to be ade quate and necessary to describe the kinetics of high specific activity FESP in caudate/striatum and cer ebellum of humans and monkeys. It was found that the nonlinear model is appropriate for kinetic eval uations of striatal tissue regions in monkey using moderate/low specific activity FESP injections. For 90 min high specific activity FESP studies, the four parameter linear model is necessary and sufficient for describing the kinetics in monkey striatum. Pa rameter estimates can be obtained in humans from caudate regions using either the three-or the four parameter linear model. The Patlak plot is a conve nient method of estimating KJ and K3 with reason able accuracy for both monkeys and humans.
